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Identification of genes expressed in response to prion  infection 
may elucidate biomarkers for disease, identify factors involved in 
agent replication, mechanisms of neuropathology and thera-
peutic targets. Although several groups have sought to identify 
gene expression changes specific to prion disease, expression 
profiles rife with cell population changes have consistently been 
identified. Cuprizone, a neurotoxicant, qualitatively mimics the 
cell population changes observed in prion disease, resulting in 
both spongiform change and astrocytosis. The use of cuprizone-
treated animals as an experimental control during comparative 
expression profiling allows for the identification of transcripts 
whose expression increases during prion disease and remains 
unchanged during cuprizone-triggered neuropathology. In this 
study, expression profiles from the brains of mice preclinically 
and clinically infected with Rocky Mountain Laboratory (RML) 
mouse-adapted scrapie agent and age-matched controls were 
profiled using Affymetrix gene arrays. In total, 164 genes were 
differentially regulated during prion infection. Eighty-three of 
these transcripts have been previously undescribed as differen-
tially regulated during prion disease. A 0.4% cuprizone diet 
was utilized as a control for comparative expression profiling. 
Cuprizone treatment induced spongiosis and astrocyte prolif-
eration as indicated by glial fibrillary acidic protein (Gfap) 
transcriptional activation and immunohistochemistry. Gene 
expression profiles from brain tissue obtained from cuprizone-
treated mice identified 307 differentially regulated transcript 
changes. After comparative analysis, 17 transcripts unaffected by 
cuprizone treatment but increasing in expression from preclinical 

to clinical prion infection were identified. Here we describe the 
novel use of the prion disease mimetic, cuprizone, to control for 
cell population changes in the brain during prion infection.

Introduction

Transmissible spongiform encephalopathies (TSEs) or prion 
diseases are infectious, neurodegenerative conditions that are 
inevitably fatal. Human TSEs include Creutzfeldt-Jakob disease, 
Gerstmann-Sträussler-Scheinker syndrome, fatal familial insomnia 
and kuru. Animal TSEs include scrapie in sheep, bovine spongi-
form encephalopathy (“mad cow disease”) in cattle, chronic 
wasting disease in cervids, and transmissible mink encephalopathy. 
Common pathological features shared by TSEs include spongi-
form vacuolation, gliosis and neuronal loss.1 These characteristic 
changes may also be accompanied by the accumulation of amyloid 
plaques in the neuropil of infected brains.

Several groups have identified individual genes that are highly 
expressed during prion disease, typically using subtractive hybrid-
ization of cDNA libraries or microarray analysis. RNA expression 
profiles have been developed for many different TSE strains at 
different stages during infection.2-17 Many of these RNA expres-
sion profiles were generated from whole brain homogenates from 
clinically affected animals. Early in the disease process, low-grade 
microglia and astrocytes are activated. As a result, these cells prolif-
erate, progressively amplifying during infection,18,19 changing 
the cell population of the brain. This neuroinflammation is a 
generalized reaction that occurs in many brain diseases including 
Alzheimer disease,20 Parkinson disease21 and multiple sclerosis,22 
among others. Not surprisingly, most of the RNAs differentially 
regulated during TSE infection are related to activated astrocytes 
and microglia. RNA changes resulting from inflammation mask 
transcript changes associated with prion disease-specific neuro-
pathology. Greenwood et al. (2005) addressed this problem by 
developing RNA expression profiles from neuronal cell lines 
that are persistently infected with TSE agent,23 identifying a 
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CD68 antigen and glial fibrillary acidic protein. Supplemental 
Table 2 includes all 164 differentially regulated transcripts identi-
fied during our prion time course analysis. Our analysis, however, 
detected 83 transcripts that have not previously been identified 
as differentially expressed during prion disease, likely due to our 
lowering of the threshold of detection from the usual ≥2-fold 
to ≥1.5-fold. It should be noted that all transcripts identified 
as differentially expressed were deemed statistically significant 
changes. These transcripts were analyzed using the Gene Ontology 
(GO) classification system. The majority of transcripts identified 
have not yet been classified, however, 27 were found to be catego-
rized in a variety of biological processes (Table 1). Genes related 
to the immune response and response to stimulus GO-terms 
were strongly represented, including genes encoding for guanylate 
binding proteins (Gbp3, Gbp6) and interferon-induced proteins 
(Ifi35, Ifitm1, Rsad2). Genes involved in protein modification and 
intracellular cellular signaling were also upregulated. Several genes 
downregulated during prion disease belong to the ubiquitin cycle 
and cellular developmental processes.

Neuroinflammatory changes induced by prion disease and 
cuprizone treatment. Oral dosing of mice with the copper chelator 
cuprizone was used to generate chronic astrocytosis similar to 
that seen during prion disease. To define the impact of cuprizone 
treatment, we initiated a time course study of the prion disease 
mimetic, cuprizone. Cuprizone-treated mice were age-matched to 
the mice used for our prion studies, then orally dosed for 3, 4, 6, 7, 
8 or 10 weeks with 0.4% cuprizone, with untreated age-matched 
mice used as controls. To determine the most appropriate cupri-
zone treatment (i.e., treatment time that mimics prion pathology 
most closely), quantitative PCR (qPCR) was used to measure 
astrocyte-specific glial fibrillary acidic protein (Gfap) expression 
levels during prion time courses and cuprizone treatment (Fig. 1). 
As expected during prion disease, Gfap expression increased over 
the course of infection. With cuprizone treatment, Gfap expres-
sion peaked after seven weeks of treatment and reached a plateau 
after eight weeks. During clinical disease prion infection (198 dpi), 
Gfap abundance was approximately 12-fold above the Gfap levels 
measured in uninfected animals and 5-times higher than the Gfap 
measured in the cuprizone-treated animals (Fig. 1). At 158 dpi, 
Gfap levels were comparable to those observed in the 8 and 10 
week cuprizone treated brains suggesting an equivalent amount of 
astrocytosis. The eight week cuprizone treatment was selected for 
gene expression analysis.

Spongiform vacuolation and astrocytosis were compared in 
the cuprizone-treated and prion-infected brains. Following H&E 
staining of brain slices from cuprizone-treated mice, vacuoles were 
observed in the white matter and granular layer of the cerebellum 
as well as in the pons and frontal cortex (Fig. 2A and D). During 
prion disease, vacuoles were first observed in the cerebellum and 
midbrain at 158 dpi with spongiosis becoming more prevalent 
in the cerebellum, midbrain and frontal cortex at clinical disease  
(Fig. 2J and M). Robust astrocytosis was observed, immu-
nohistochemically, using an antibody for the detection of 
astrocyte-specific GFAP, in the frontal cortex, thalamus, corpus 
callosum and interposed nucleus (Fig. 2E) in cuprizone-treated 

number of neuronal transcripts associated with prion disease 
 (clusterin—associated with the clearing of cellular debris and 
apoptosis; metallothionein 1—inhibits oxidative damage and 
apoptosis) and several transcripts not previously identified in other 
studies. The ability to focus on neuronal changes in a brain infec-
tion would be an important progression of this line of research.

We hypothesized that gene profiling of animals treated with the 
prion disease mimetic, cuprizone, would allow us to identify tran-
scripts associated with cell population changes, providing greater 
focus to those transcripts related to prion pathogenesis. Cuprizone 
(bis-cyclohexanone-oxaldihydraxone) is a copper chelator which, 
when fed to mice, produces demyelination in the central nervous 
system.24 Demyelination occurs soon after cuprizone dosing, 
exclusively affecting oligodendrocytes.25 Pattison and Jebbett 
observed that mice, fed a diet supplemented with 0.4% cuprizone, 
developed histopathological lesions in the brain very similar to 
those induced by murine TSE agent.26 Both cuprizone treatment 
and TSEs exhibit extracellular vacuolation, astrocytosis and astro-
cyte hypertrophy in the white matter of the cerebellum, midbrain 
and cerebellar peduncles. Additionally, cuprizone treatment, like 
prion disease, induces microglial activation and recruitment27 
without loss of the blood-brain barrier.28 As cuprizone treatment 
causes neuroinflammation similar to prion disease, it provides a 
useful model system for identifying transcripts associated with 
broad neuroinflammation in the absence of the prion-specific 
PrPTSE. Here we report the use of cuprizone as a control for tran-
scriptional events associated with neuroinflammation, facilitating 
the identification of several novel transcripts upregulated during a 
prion infection.

Results

Identification of previously undescribed transcripts differ-
entially regulated during prion disease. Microarray analysis was 
performed to detect differences in gene expression in the mouse 
brain at three time points during prion infection. C57BL/6 
mice were intraperitoneally infected with RML-infected mouse 
brain homogenate and sacrificed at 108 dpi, 158 dpi and at the 
presentation of clinical disease (198 dpi), with age-matched, mock-
inoculated controls at each time point. At 108 and 158 dpi, no 
clinical symptoms were present, however, protease-resistant PrP 
was detected at both 158 and 198 dpi (Fig. 2I, L and O).

RNA samples were obtained from brain samples at all three 
time points and differentially regulated genes were identified using 
microarray analysis. The RMA method was used to background 
correct, normalize and summarize gene expression probe set data 
(representing individual genes) to identify differentially-expressed 
genes at each time point during prion disease. Differentially regu-
lated genes were filtered on expression (10.0–99.0th expression 
percentile) to control for extreme or minimal signal intensity. 
Following statistical analysis (described in Materials and Methods), 
164 genes were identified as being differentially regulated during 
prion disease. Many of these changes have been identified previ-
ously2-17 and include several transcripts known to be associated with 
proliferating astrocytes and microglia, such as cystatin F (leuko-
cystatin), lymphocyte antigen 86, cathepsin S, CD53 antigen, 
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Table 1 Previously unidentified, differentially regulated gene expression changes in RML-infected brain tissue

Probe set ID Gene symbol Gene title 108 dpi 158 dpi 198 dpi
Immune Response
1431591_s_at Isg15 ISG15 ubiquitin-like modifier 1.2 2.3 2.1
1418392_a_at Gbp3 guanylate binding protein 3 1.2 1.8 1.7
1426397_at Tgfbr2 transforming growth factor, beta receptor II 1.1 1.2 1.7
1424617_at Ifi35 interferon-induced protein 35 1.1 1.6 1.6
1451318_a_at Lyn Yamaguchi sarcoma viral (v-yes-1) oncogene homolog 1.4 1.4 1.6
1425156_at Gbp6 guanylate binding protein 6 1.1 1.7 1.5
1418641_at Lcp2 lymphocyte cytosolic protein 2 1.0 1.6 1.4
Intracellular Signaling Cascade
1460287_at Timp2 tissue inhibitor of metalloproteinase 2 1.3 1.6 2.6
1460188_at Ptpn6 protein tyrosine phosphatase, non-receptor type 6 1.6 1.9 2.4
1455132_at A430107D22Rik RIKEN cDNA A430107D22 gene 1.5 1.5 1.4
1452398_at Plce1 phospholipase C, epsilon 1 1.1 1.3 1.6
1438936_s_at Ang angiogenin, ribonuclease, RNase A family, 5 1.0 1.4 1.9
1428479_at Nfatc1 nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 1.6 1.3 1.4
1416675_s_at Plcd1 phospholipase C, delta 1 1.6 1.2 1.2
Protein Modification Process
1418191_at Usp18 ubiquitin specific peptidase 18 1.5 3.6 3.9
1451584_at Havcr2 hepatitis A virus cellular receptor 2 1.3 1.8 2.1
1416340_a_at Man2b1 mannosidase 2, alpha B1 1.5 1.4 1.7
1449342_at Ptplb protein tyrosine phosphatase-like (proline instead of catalytic arginine), member b -1.1 1.4 1.5
1433768_at Palld palladin, cytoskeletal associated protein 1.3 1.1 1.5
Response to Stimulus
1423547_at Lyz2 lysozyme 2 1.8 3.4 5.5
1421009_at Rsad2 radical S-adenosyl methionine domain containing 2 1.3 2.1 2.2
1424254_at Ifitm1 interferon induced transmembrane protein 1 -1.1 1.7 1.1
Ubiquitin Cycle
1433664_at Ube2q2 ubiquitin-conjugating enzyme E2Q (putative) 2 -1.3 -1.3 -1.5
1419562_at Birc6 baculoviral IAP repeat-containing 6 -1.8 -1.2 -1.3
Cellular Developmental Process
1437947_x_at Vdac1 voltage-dependent anion channel 1 -1.2 -1.7 -1.3
1453134_at Pik3ca phosphatidylinositol 3-kinase, catalytic, alpha polypeptide -1.7 -1.4 -1.3
1449044_at Eef1e1 eukaryotic translation elongation factor 1 epsilon 1 -1.7 1.0 -1.1
Other
1448891_at Fcrls Fc receptor-like S, scavenger receptor 2.2 2.0 2.8
1421457_a_at Samsn1 SAM domain, SH3 domain and nuclear localization signals, 1 1.3 1.9 2.3
1451655_at Slfn8 schlafen 8 1.1 1.8 2.3
1418825_at Irgm immunity-related GTPase family, M 1.2 2.0 2.3
1420591_at Gpr84 G protein-coupled receptor 84 1.4 1.7 2.2
1424754_at Ms4a7 membrane-spanning 4-domains, subfamily A, member 7 -1.0 1.3 2.1
1443698_at Xaf1 XIAP associated factor 1 1.1 1.8 2.1
1436346_at Cd109 CD109 antigen 1.1 -1.1 2.1
1449227_at Ch25h cholesterol 25-hydroxylase 1.1 1.6 2.0
1451564_at Parp14 poly (ADP-ribose) polymerase family, member 14 1.4 1.9 2.0
1421408_at Igsf6 immunoglobulin superfamily, member 6 1.2 1.3 2.0
1454757_s_at D12Ertd647e DNA segment, Chr 12, ERATO Doi 647, expressed 1.2 1.7 1.9
1451537_at Chi3l1 chitinase 3-like 1 1.1 1.7 1.8
1419879_s_at Trim25 tripartite motif-containing 25 1.2 1.3 1.8
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PrPTSE was not observed in the brains of either mock-infected 
or cuprizone-treated mice when assayed for immunohistochemi-
cally (Fig. 2C and F). Although PrPTSE was not observed in brain 
samples from infected animals at 108 dpi, punctate staining was 

animals. In prion-infected animals, basal astrocyte levels were 
observed at 108 dpi, with astrocyte levels rising throughout the 
brain at 158 and 198 dpi (Fig. 2H, K and N), consistent with the 
expression of Gfap observed by qPCR.

Table 1  Previously unidentified, differentially regulated gene expression changes in RML-infected brain tissue 
(continued)

1456133_x_at Itgb5 integrin beta 5 1.5 1.3 1.8
1421374_a_at Fxyd1 FXYD domain-containing ion transport regulator 1 -1.6 1.4 1.8
1448561_at Ncf2 neutrophil cytosolic factor 2 1.4 1.6 1.8
1451132_at Pbxip1 pre-B-cell leukemia transcription factor interacting protein 1 1.3 1.3 1.8
1426454_at Arhgdib Rho, GDP dissociation inhibitor (GDI) beta 1.1 1.7 1.7
1449591_at Casp4 caspase 4, apoptosis-related cysteine peptidase 1.0 1.5 1.7
1434945_at Lpcat2 lysophosphatidylcholine acyltransferase 2 1.2 1.3 1.7
1450234_at Ms4a6c membrane-spanning 4-domains, subfamily A, member 6C 1.3 1.7 1.7
1460351_at S100a11 S100 calcium binding protein A11 (calgizzarin) -1.6 1.4 1.7
1422571_at Thbs2 thrombospondin 2 1.2 1.3 1.6
1429525_s_at Myo1f myosin IF 1.2 1.5 1.6
1418099_at Tnfrsf1b tumor necrosis factor receptor superfamily, member 1b 1.2 1.4 1.6
1458019_at  Mus musculus Transcribed locus 1.0 1.4 1.6
1424829_at A830007P12Rik RIKEN cDNA A830007P12 gene 1.3 1.2 1.5
1454748_at Naprt1 nicotinate phosphoribosyltransferase domain containing 1 1.6 1.3 1.5
1451139_at Slc39a4 solute carrier family 39 (zinc transporter), member 4 1.3 1.1 1.5
1437886_at Klhl6 kelch-like 6 (Drosophila) 1.2 1.3 1.5
1420624_a_at Vamp8 vesicle-associated membrane protein 8 -1.5 1.2 1.3
1421221_at Bco2 beta-carotene oxygenase 2 1.3 1.5 1.3
1449960_at Nptx2 neuronal pentraxin 2 -1.2 1.5 1.3
1418451_at Gng2 guanine nucleotide binding protein (G protein), gamma 2 -1.5 1.1 1.2
1424058_at Prrc1 proline-rich coiled-coil 1 1.5 1.1 1.2
1427903_at Phpt1 phosphohistidine phosphatase 1 -1.7 1.1 1.1
1419812_s_at Ccdc56 coiled-coil domain containing 56 -1.6 1.1 1.0
1426187_a_at Hax1 HCLS1 associated X-1 -1.6 1.1 1.0
1417653_at Pvalb parvalbumin -2.6 1.0 1.0
1435522_a_at 2310016E02Rik RIKEN cDNA 2310016E02 gene -2.0 1.1 1.0
1428464_at Ndufa3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 -2.1 1.1 1.0
1416979_at Pomp proteasome maturation protein -1.6 1.1 1.0
1424122_s_at Commd1 COMM domain containing 1 -1.7 1.2 -1.0
1416277_a_at Rplp1 ribosomal protein, large, P1 -1.6 1.1 -1.0
1450818_a_at Ndufa7 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 (B14.5a) -1.5 1.1 -1.0
1452790_x_at Ndufa3 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 -2.0 1.0 -1.0
1427102_at Slfn4 schlafen 4 1.1 1.8 -1.0
1434391_at Hnrnpu Heterogeneous nuclear ribonucleoprotein U -1.7 1.1 -1.0
1418083_at 0610009B22Rik RIKEN cDNA 0610009B22 gene -1.5 -1.0 -1.1
1442887_at AI853363 expressed sequence AI853363 -1.7 -1.0 -1.2
1422884_at Snrpd3 small nuclear ribonucleoprotein D3 -1.7 1.5 -1.4
1428570_at Ccnc cyclin C -1.5 -1.4 -1.4
1450770_at 3632451O06Rik RIKEN cDNA 3632451O06 gene -1.3 -1.4 -1.5
1417121_at Gabra6 gamma-aminobutyric acid (GABA-A) receptor, subunit alpha 6 -1.1 -1.3 -1.6
1433452_at B630019K06Rik RIKEN cDNA B630019K06 gene -1.1 -1.5 -1.6

Transcripts were subjected to the Gene Ontology classification system for discovery of biological processes affected by prion disease. Fold change vs. control at three time points are shown here.
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cuprizone treatment were not induced by prion disease, suggesting 
that stress response pathways activated during cuprizone treatment 
may be compromised during prion infection.

Comparative analysis of prion-infected gene expression 
profiles and gene expression profiles associated with cupri-
zone treatment. To identify transcripts related to prion disease 
and unchanged during cuprizone-induced neuroinflammation, 
probe sets from the prion disease time course experiment were 
re-analyzed (see Materials and Methods). One cluster emerged 
containing transcripts that increased in expression over the time 
course of prion disease (Fig. 4A). The transcripts in this cluster 
were statistically assessed, producing 333 transcripts which were 
increasing in expression over the course of prion disease. In 
parallel, probe sets from the cuprizone data set were also filtered 
on expression and a transcript with no expression change between 
control and cuprizone treatment was identified (TATA box 
binding protein—Tbp). Transcripts with 100–85% similarity 
were recognized, using the Euclidean similarity metric (Fig. 4B), 
producing 22,729 transcripts that were unchanged during cupri-
zone treatment. Analysis of both the cluster containing transcripts 
increasing in expression over the course of prion disease and the 
unchanging cuprizone data set identified 17 transcripts that were 
present in both data sets. These represent transcripts upregulated 
during prion disease but remained unchanging following cupri-
zone treatment (Fig. 4C). In total, 14 of the 17 transcripts were 
annotated. Two of the genes upregulated during prion disease are 
involved in the neuropeptide signaling, triggered by a peptide 
neurotransmitter binding to a cell surface receptor. These tran-
scripts and their log2 transformed expression ratios are shown in 
Figure 5. Full gene names and fold change versus control values 
are available in Supplemental Table 3.

Validation of microarray data. To independently validate the 
gene expression data generated by our microarray experiments, 
qPCR was used to measures the expression of three genes identified 
as upregulated: radical S-adenosyl methionine domain containing 
2 (Rsad2) which was previously unreported as upregulated during 
prion disease, as well as apolipoprotein D (ApoD) and suppressor 
of cytokine signaling 3 (Socs3) which were upregulated in prion 
disease and not during cuprizone treatment. Both ApoD8,11,13,16 
and Socs3,14 have been previously described in prion disease gene 
array studies, and ApoD has been a useful gene for validation via 
qPCR.11 QPCR analyses used the same total RNA samples as used 
for initial microarray studies. For all genes examined, expression 
levels found by microarray analysis were confirmed, although, in 
general, we observed higher relative fold-change levels with qPCR 
than microarray analysis. This has been described as a common 
phenomenon, though trends remain consistent across assays.33 
The general expression pattern of each transcript was confirmed, 
validating the expression results we obtained from microarray 
analysis (Fig. 6).

Discussion

We identified novel transcripts differentially regulated during 
prion disease, transcripts differentially regulated after eight 
weeks of treatment with 0.4% cuprizone as well as transcripts  

observed, at 158 dpi, in the pons and medulla and, at clinical 
stage, in the pons, medulla, midbrain, thalamus and frontal cortex  
(Fig. 2I, L and O).

Cuprizone treatment induces differential gene expression. 
Microarray analysis identified 319 genes differentially expressed 
in mouse brain after eight weeks of cuprizone treatment. Of 
these, 307 transcripts were grouped according to their functional 
annotations (Fig. 3). The majority of upregulated transcripts 
were associated with two biological processes; (1) immune system 
(including inflammatory response) and (2) metabolic processes. 
Immune system genes that were upregulated include chemokine 
(C-C motif ) ligands, Fc receptors, and components of the 
complement system. Metabolic process genes included proteolytic 
cathepsins (C, D, H, L, S and Z), and lysosymes 1 and 2. Other 
upregulated genes were related to the regulation of apoptosis, cell 
communication, cellular adhesion and localization. Of the genes 
downregulated during cuprizone treatment, several genes play a 
role in axon ensheathement (proteolipid protein (myelin)1 and 
claudin 11), likely due to the demyelinating effects of cuprizone.

In a simple comparison of the gene expression profiles of mice 
infected with prion disease and those treated with cuprizone, 
54% (88 of 164) of the transcripts differentially expressed during 
prion disease were also differentially expressed following cuprizone 
treatment. These transcripts include 28 genes associated with 
the immune system, eight genes involved with cell death, and 
five genes associated in lipid metabolism. It is clear that similar 
molecular mechanisms exist during prion disease and cuprizone 
treatment, presumably due to the activation of astrocytes and 
microglia in both, as well as the death of specific cell types (e.g., 
neurons during prion disease, oligodendrocytes during cuprizone 
treatment), which lead to spongiform vacuoles upon histolog-
ical examination. Conversely, 231 of the genes upregulated by  

Figure 1. Expression of Gfap during cuprizone treatment and prion 
disease. Relative Gfap mRNA levels from 3, 4, 6, 7, 8 and 10 weeks 
of cuprizone treatment and 108, 158 and 198 dpi RML infection were 
generated by the Pfaffl method after qPCR, as indicated by fold change 
versus age-matched controls. After 8 and 10 weeks of cuprizone intoxica-
tion, Gfap levels most closely resemble those observed at 158 dpi of prion 
disease. Tbp was used as an endogenous control for normalization.
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Figure 2. Spongiosis and astrocytosis in mice treated with cuprizone, infected with RML or controls. (A, D, G, J and M) Hematoxylin and eosin staining 
shows spongiosis in the white matter of the cerebellum after eight weeks of cuprizone treatment and after 158 and 198 days of RML infection. (B, E, H, 
K and N) Anti-GFAP immunohistochemistry shows star-shaped astrocytosis in the frontal cortex after cuprizone treatment and after 158 and 198 days 
of RML infection. (C, F, I, L and O) PrPTSE staining in the medulla. Red, positive staining can be seen at 158 and 198 dpi and is not observed after 
cuprizone treatment. Scale bars: (A, D, G, J, M, F, L and O) = 50 μm; (B, E, H, K, N, C and I) = 100 μm.

Figure 3. For figure legend, see page 105.
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the downregulated transcripts from the analysis. 
Future investigation is necessary to determine if 
these gene changes are unique to prion disease 
and what their downregulation means for under-
standing prion pathology.

The upregulation of several transcripts related 
to the immune response GO-term suggests the 
response of immune cells in the brain to prion 
infection. At 158 dpi, many immune response 
related transcripts are upregulated ≥1.5-fold. When 
C57Bl/6 mice are inoculated i.p. with the RML 
prion agent, T-cells do not infiltrate the brain 
until the breakdown of the blood-brain barrier, 
185 dpi34 and prion disease does not illicit an 
antibody-based immune response.35 Therefore, 
the upregulated transcripts related to the immune 
response GO-term are not expected to be associ-
ated with activated T-cells. It is likely that these 
transcripts are expressed by astrocytes and micro-
glia, which are proliferating during preclinical 
infection. The expression of two of these genes, 
lsg15 and Lyn, is upregulated during astrocytosis 
in other systems; Isg15 is expressed by astrocytes 
following viral infection36 and Lyn is reported to 
be expressed by microglia after stimulation with 
beta-amyloid.37

We report the first gene expression analysis of 
brain tissue from mice treated with 0.4% cupri-
zone treatment. The use of 0.2% cuprizone as a 
demyelinating agent has been described previously 
and gene expression studies have been undertaken, 
but the neuropathological similarities to prion 
disease have only been described when the intake 

of cuprizone is ≥0.4%.26 The gene expression profile in response 
to cuprizone treatment described here is distinct and more 
robust than previous studies.38-41 Fifty-six transcripts reported as 
upregulated during cuprizone treatment are related to the immune 
response GO-term, many of which are also upregulated during 
prion disease, including Clec7a, Ccl3, Ccl6, Gp49a, parts of the 
classical complement system, several murine MHC components, 
and activated microglial markers like CD68 and Ly86. In addition, 
many transcripts involved in the regulation of apoptosis were also 
upregulated during cuprizone treatment, likely due to the demyeli-
nation process that selectively targets oligodendrocytes. More than 
seventy transcripts upregulated during cuprizone treatment were 
annotated as involved in metabolic processes, including several 
cathepsins, Hexa, Hexb and lysozymes. The upregulation of these 
transcripts is likely due to the breaking down of both cuprizone 
and the cellular remnants of oligodendrocytes undergoing apop-
tosis.

The use of cuprizone as a control for comparative gene expres-
sion analysis is a novel technique facilitating the identification of 

upregulated during mouse-adapted prion disease that were 
unchanged during cuprizone-induced neuroinflammation.

Several studies have been undertaken to identify gene expres-
sion changes associated with prion disease.2-17 We identified 
many prion disease-induced transcripts that had been reported 
previously including Gfap, several cathepsins, components of the 
complement system, many Fc receptors, Cst7, Serpina3n, Lgals3, 
CD84, CD68 and CD52. Another 83 previously unidentified 
differentially regulated genes were identified during preclinical and 
clinical RML prion infection. This increase in the number of gene 
expression changes is likely due to the use of the Affymetrix Mouse 
Genome 430 2.0 Array, a more comprehensive mouse genome 
expression microarray than previously used and the inclusion of 
transcripts with a differential expression of ≥1.5 fold. Many of 
the transcripts that had been newly described as downregulated 
in response to prion infection (Table 1) were not present in our 
differentially regulated cuprizone dataset. The comparative analysis 
of the transcripts increasing in expression over the course of prion 
disease and unchanging with cuprizone treatment removed all of 

Figure 3. Functional analysis of transcripts differentially regulated in the brains of mice treated with cuprizone. The DAVID annotational database was 
utilized to determine which gene ontology biological processes were affected by cuprizone treatment (p ≤ 0.05). Upregulated transcripts are in green; 
downregulated transcripts are in blue.

Figure 4. Comparative analysis between transcripts increasing in expression during prion 
disease and unchanging during cuprizone treatment. (A) After SOM clustering analysis, one 
cluster emerged containing transcripts that increased in expression over the time course of 
prion infection (shown here, 333 total transcripts). (B) The cuprizone data set was mined 
for one transcript whose expression was unchanged as compared to control (Tbp). Using 
the Euclidean similarity metric, transcripts with 100–85% similar expression patterns to 
Tbp were identified (22,729 total transcripts). (C) Venn diagram illustrating the compara-
tive gene expression analysis of both data sets described above. In total, 17 probe sets 
belonged to both data sets and represent transcripts whose expression increased during 
prion disease but did not change with cuprizone treatment. This overlap signifies transcripts 
whose expression is related to prion disease and not associated to the changing cell popula-
tion that occurs during neuroinflammation.
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and differentiation.42 PLCE1 may be involved in stimulating the 
proliferation of glial cells in the brain during prion infection. AGRP 
is a neuropeptide secreted by the hypothalamus that controls body 
weight.43,44 AGRP also plays a role in adipocytokine signaling, 
another signaling pathway found to be represented in our data 
by AGRP, SLC2A4 and SOCS3. Adipocytes, or fat cells, secrete 
numerous cytokines that are important for metabolic homeostasis 
and play a role in inflammation.45 Slc2a4 (also known as Glut4) 
codes for a glucose transporter found in muscle and adipose tissue 
whose transporter action is dependent upon insulin.46 In adipo-
cytes, SOCS3 works to suppress the expression of cytokines by 
inhibiting the JAK/STAT pathway in a negative feedback loop.47 
SOCS3, however, plays a role in numerous signaling cascades and 
its expression may not be related to adipocytokine signaling alone. 
The role of these pathways in prion infection as well as confirma-
tion with protein data is currently being explored.

In summary, eighty-three previously undescribed, annotated 
transcripts have been identified that are differentially regulated 
in the mouse brain during RML prion disease. We have also 
reported 307 annotated transcripts that are differentially regulated 
in the brain after eight weeks of 0.4% cuprizone treatment. We 
have described a comparative analysis technique that has allowed 
us to identify transcripts that were upregulated over the course 
of prion disease but remained unchanged during cuprizone  
treatment. With this novel analysis tool, we identified 14 anno-
tated transcripts that change in expression during prion disease and 

prion disease-specific transcript changes that are not related to 
the robust neuroinflammation observed during prion disease. By 
identifying transcripts whose expression increases during prion 
disease but remain unchanged with cuprizone treatment, transcript 
changes related to the changing cell population in the brain during 
neuroinflammation (i.e., proliferation of astrocytes and microglia) 
could be removed. In previous gene expression studies, known 
markers for astrocytes and microglia were among the most upregu-
lated transcripts identified. While these changes are important for 
understanding the state of the brain during prion disease, they may 
mask important gene expression changes related to prion patho-
genesis. Similarities are clearly present between prion disease and 
its mimetic, cuprizone, making it a useful control for comparative 
gene expression analysis. In total, 14 annotated transcripts were 
identified as increasing in expression during prion disease and not 
related to the neuroinflammatory profile associated with cuprizone 
treatment. To note, nine of these transcripts (Hsbp1, Socs3, Ifi44, 
D12Ertd647e, Casp4, Agrp, Plce1, Ptpbl, Ddx58) were upregulated 
preclinically and may provide insights into the progressive impair-
ment of the CNS during prion infection.

We identified signaling pathways that may be important to prion 
pathogenesis. Transcripts upregulated during prion disease but not 
during cuprizone treatment fell into two signaling pathways. The 
products of Plce1 and Agrp are both involved in the neuropeptide 
signaling pathway. PLCE1 hydrolyses various polyphosphoinosit-
ides that activate the MAP kinase pathway, stimulating cell growth 

Figure 5. Annotated transcripts upregulated during prion disease and unrelated to cuprizone-induced neuroinflammation. Of the seventeen transcripts 
that increased in expression over the course of prion disease and remained unchanged during cuprizone treatment, fourteen were found to be anno-
tated. The log2 transformed expression ratios versus control are shown here for ease in visualization, allowing gene expression to be centered on zero. 
The shaded region represents non-significant, unchanging transcript levels. Unchanging was classified as |0.0–0.3| log2 transformed expression ratio 
versus control.
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Figure 6. Validation of selected microarray results by qPCR. The expres-
sion of Rsad2, ApoD and Socs3 was analyzed from RML-infected brain 
homogenate obtained at two preclinical time points (108 and 158 dpi) 
and at clinical disease (198 dpi) as well as after eight weeks of cuprizone 
treatment. Pooled RNA samples from eight infected/treated and eight 
controls were studied at each time point. The chart above shows relative 
mRNA levels, as indicated by fold change versus age-matched controls, 
generated by the Pfaffl method after qPCR, with a threshold line at 1.5-
fold. Tbp was used as an endogenous control for normalization. Samples 
used for qPCR were from the same samples used for microarray analysis. 
Microarray data was taken from Table 1 and Supplemental Table 2.

a way that at the termination of each cuprizone treatment, the 
animals age would coincide with the onset of clinical disease in 
the prion infected mice. Control mice were fed a normal diet. 
Upon sacrifice, all brains were removed and bi-sected sagit-
tally. One half was used for RNA isolation and gene expression 
analysis while the other half was embedded in Optimal Cutting 
Temperature medium (Tissue Tek O.C.T. Compound, Sakura 
Finetek, Torrance, CA), frozen in liquid nitrogen and stored at 
-80°C until sagittal sectioning.

RNA purification and array hybridization. Total RNA was 
purified from brain tissue (eight mice per treatment) using the 
Qiagen RNeasy Mini Kit protocol (Qiagen, Valencia, CA). cDNA 
was synthesized using the ImProm-II Reverse Transcription 
kit (Promega, Madison, WI) and an anchored T7-oligo(dT)
V primer. Second strand synthesis was performed using DNA 
polymerase I (Invitrogen, Carlsbad, CA). Biotinylated cRNA was 
produced by in vitro transcription, incorporating biotin 14-CTP 
(Invitrogen, Carlsbad, CA) and biotin 16-UTP (Roche Applied 
Science, Indianapolis, IN) following manufacturer’s instructions 
(Ambion, Austin, TX). Samples were hybridized onto Mouse 
Genome 430 2.0 Array (Affymetrix, Santa Clara, CA) at 45°C 
for 16 hours with a constant rotation at 60 rpm. The arrays 
were washed and stained using an Affymetrix fluidics station 
and scanned on an Affymetrix scanner. Each treatment array was 
performed in triplicate.

Data analysis. Raw microarray data was uploaded into the 
GeneSpring GX 9.0 Analysis Platform (Agilent, Santa Clara, CA). 
Microarray data was normalized and background corrected using 
Robust Multi-Array Average (RMA) analysis.29 For identification 
of previously undescribed transcripts differentially regulated during 
prion disease, probe sets from the prion infection time course were 
filtered on expression (10.0–99.0th expression percentile) and 
statistically assessed using one-way ANOVA analysis (post hoc 
Tukey HSD and Benjamini-Hochberg correction; p ≤ 0.05) and 
further filtered by ≥1.5 fold expression. The cuprizone treatment 
data set was also filtered on expression (10.0–99.0th expression 
percentile) and subjected to unpaired t-test analysis (Benjamini-
Hochberg correction; p ≤ 0.05) and further filtering by ≥1.5 fold 
expression against control.

For comparative analysis, the data sets from the prion infec-
tion time course were re-analyzed by filtering on expression 
(10.0–99.0th expression percentile) and clustering using 3 x 4 Self-
Organizing Map (SOM) analysis. One cluster contained transcripts 
whose expression increased during the course of prion disease; these 
transcripts were statistically assessed using one-way ANOVA anal-
ysis (post hoc Tukey HSD and Benjamini-Hochberg correction;  
p ≤ 0.05) and further filtered by ≥1.5 fold expression. Transcripts 
from the cuprizone data set with no expression change between 
control and cuprizone treatment were identified using the Euclidean 
similarity metric (a coefficient of correlation 0.85–1.0). To catego-
rize transcripts specific to prion disease (i.e., not associated with 
cuprizone-induced neuroinflammation), the prion time course 
dataset was compared to the unchanging cuprizone dataset. Probe 
sets present in both analyses are transcripts upregulated during prion 
disease and unchanged with cuprizone treatment. Annotational 

do not appear to be related to the cell population changes occur-
ring during disease. These transcripts may provide stepping stones 
for further investigation as to their roles in neurodegeneration and 
dysfunction during prion disease.

Materials and Methods

Animals and treatments. C57Bl/6 mice were intraperitoneally 
(i.p.) inoculated with 50 ul of a 10% brain homogenate (in PBS) 
prepared from a mouse clinically infected with the RML strain 
of TSE agent. Control mice were mock-inoculated with a 10% 
brain homogenate prepared from uninfected C57Bl/6 mice. Mice 
were sacrificed at two preclinical time points (108 and 158 days 
post-inoculation [dpi]) and at the appearance of clinical symptoms 
(198 dpi). For the cuprizone control, C57Bl/6 mice were fed 
chow supplemented with 0.4% cuprizone for 3, 4, 6, 7, 8 or 10 
weeks, a dose at which no mortality was observed. These mice were  
age-matched to the mice used in our prion experiments in such 
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information and gene ontology biological functions were  
determined using the DAVID functional annotation database.30

Staining and immunohistochemistry. Ten micron thick 
sagittal cryo-sections were cut and placed on glass slides for 
staining or immunohistochemistry (IHC). Slides were stained 
with  hematoxylin and eosin (H&E) for histological detection 
of vacuolation. For IHC, slides were prepared as previously 
described31 with minor variations. Slides were incubated with 
primary antibody of either anti-GFAP (Promega Co., Madison, 
WI) or anti-prion protein, [SAF-83] (Cayman Chemical, Ann 
Arbor, Michigan), diluted 1:500 or 1:1,000, respectively, overnight 
at 4°C. After washing, the sections were incubated with biotiny-
lated secondary antibody anti-rabbit IgG (1:200) for 1 h at room 
temperature, washed again and the antibody complex was detected 
using 3,3'-diaminobenzidine (DAB) (Sigma-Aldrich, St. Louis, 
MO) for GFAP or 3-amino-9-ethyl-carbazole (AEC) (Vector 
Laboratories, Burlingame, CA) for prion protein, according to 
manufacturer’s protocol.

Quantitative RT-PCR. cDNA was created as described above 
from total RNA isolated from mouse brain homogenates for addi-
tional PCR amplification using iQ Sybr Green Supermix (BioRad, 
Hercules, CA). The PCR amplification cycle varied with each gene 
being amplified (Suppl. Table 1). Relative expression values were 
determined using the iCycler software package and Pfaffl analysis 
using Tbp as the housekeeping gene for normalization.32
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